Inactivation of the centromere-binding factor 1 (CBFI) gene results in yeast strains that require methionine for growth. This auxotrophy is due to the inability of such strains to concentrate and assimilate sulfate from the medium. Northern (RNA) blot experiments reveal that the CBF1 protein is required for full induction of MET25 and MET16 gene transcription. However, we show that induction of the sulfate assimilation pathway is not achieved solely by CBF1. This induction also requires the integrity of a positive trans-acting factor, encoded by the MET4 gene. The MET4 gene was cloned, and its sequence reveals that it encodes a protein related to the family of the bZIP transcriptional activators. Evidence that MET4 is a transcriptional activator was provided by demonstrating that DNA-bound LexA-MET4 fusion proteins stimulate expression of a nearby promoter. The use of LexA-MET4 fusion proteins also reveals that the leucine zipper of MET4 is required for the recognition of the MET25 promoter. Moreover, an 18-bp fragment of the MET25 5' upstream region was found to confer S-adenosylmethionine-dependent regulation of a fusion gene. This regulation was shown to depend on both MET4 and CBF1. The obtained results suggest that the binding of CBF1 to its cognate sequences increases the ability of MET4 to stimulate transcription of the MET genes.
Reductive assimilation of sulfate and synthesis of organic sulfur compounds (cysteine, methionine, and S-adenosylmethionine [AdoMet]) constitute a single metabolic pathway in Saccharomyces cerevisiae. All of the structural genes governing this pathway are subjected not to the general amino acid control but to a specific negative regulation. This regulation, resulting from the increase in intracellular concentration of AdoMet, acts mainly by decreasing the level of transcription of these coregulated genes (40) . A deletion analysis of the 5' upstream region of the MET25 gene (coding for homocysteine synthase) has led to the identification of a cis-acting sequence (5'-TCACGTGA-3') that is critical for transcriptional control (40) . The same sequence is also found in the 5' flanking region of the coregulated genes MET2, MET3, MET8, MET14, MET16, and SAM2 (21, 39) , suggesting its implication in proper regulation of MET genes.
Unexpectedly, this sequence had been identified previously as a component of another unrelated biological process, DNA segregation. Indeed, this sequence, called CDEI (for centromere DNA element I), is completely conserved in all known yeast centromeres, and mutations in this element impair centromere function (17) . A unique protein, called CBF1 or CPF1, has been shown to bind specifically to the CDEI element, and sequencing of the CBF1 gene has revealed that this protein is related to the helix-loop-helix protein family (la, 5, 28) . As expected, a cbfl null mutant exhibits defects in chromosomal segregation; it also displays a nutrional requirement for methionine (la, 5) . Following our analysis of the MET25 upstream region and considering the fact that CBF1 binds in vitro to the MET25 promoter (1, 29) , the methionine auxotrophy of a cbfl mutant seemed to be explained by the implication of the CBF1 factor in sulfur gene expression. However, in a recent study, Mellor et al. * Corresponding author. (29) , on the basis of Northern (RNA) blot experiments, were not able to confirm this model and therefore failed to explain the phenotype exhibited by a cbfl mutant.
We have thus initiated work intended to determine which enzymatic defects are responsible for the nutritional requirement exhibited by a cbfl mutant. Results presented here clearly explain the methionine auxotrophy of a cbfl mutant and confirm the involvement of CBF1 in transcriptional activation of sulfate metabolism. However, these results do not account for a model in which induction of this pathway is achieved solely by CBF1. A systematic analysis of Metmutants allowed us to determine that gene MET4 encodes a second factor necessary for proper induction of the sulfate assimilation pathway. Cloning of this gene revealed that it encodes a protein related to the leucine zipper protein family. Results of experiments using MET4 and CBF1-LexA hybrid proteins and MET25-CYCJ-lacZ fusion plasmids suggest that the binding of CBF1 to its sites could assist the MET4 protein in stimulating transcription.
MATERIALS AND METHODS
Strains, media, and microbiological techniques. Escherichia coli HB101 and JM103 were used as hosts for plasmid maintenance. S. cerevisiae strains used in this work are listed in Table 1 . To grow E. coli, we used media described by Maniatis et al. (26) . For S. cerevisiae, YPG and YNB media were as described by Sherman et al. (36) . E. coli was transformed according to Cohen et al. (9) . S. cerevisiae was transformed after lithium chloride treatment as described by Ito et al. (20) . Genetic crosses, sporulation, dissection, and scoring of nutritional markers were done as described by Sherman et al. (36) .
Plasmid constructions. For the subcloning experiments, we used the shuttle vectors pEMBLYe23 (2) and pRS316 (37) . The S. cerevisiae genomic library that allowed cloning of the (28) , was ligated to plasmid pSH2-1 treated as described above. This in-frame construction was checked by sequence analysis. Fusions of MET25 regulatory regions to a CYCI-lacZ chimera were obtained by inserting MET25 promoter elements into the XhoI site of plasmid pLG67OZ (15) . All constructions were confirmed by sequence analysis. DNA sequencing. The XbaI-XbaI fragment of pM4-4 was subcloned in two orientations into bacteriophage M13mpl8, and systematic deletion subclones were generated as described by . Corresponding single-stranded phage DNAs were sequenced with a Pharmacia T7 sequencing kit. Sequence analyses were performed by using the Bisance service (10) .
Northern experiments. Northern blotting was performed as described by Thomas (42) with total cellular RNA extracted from yeast cells as described by Hoffman and Winston (18) .
Enzymatic assays. Yeast cells were grown to 107 cells per ml in 10 ml of the appropriate minimal synthetic medium. Cell extracts were made as described by Thomas et al. (40) in the presence of 1 mM phenylmethylsulfonyl fluoride and 1 mM EDTA. After centrifugation for 15 min at 10,000 x g, the crude extract was used for enzymatic assays.
For homocysteine synthase assay, the reaction mixture contained, in a final volume of 0.1 ml, 100 mM Tris-HCl (pH 8.0), 0.2 mM pyridoxal phosphate, 20 mM O-acetyl-L-homoserine, and the cell extract containing 3 to 50 ,ug of protein.
Four different protein concentrations were assayed for each cell extract. Incubation was for 15 min at 30°C, and the homocysteine formed was measured as described by Kredich and Tomkins (22) , using a standard curve made with known concentrations of L-cySteine. For the ATP sulfurylase assay, we used a modification of the method described by de Vito and Dreyfuss (11) . The reaction mixture contained, in a final volume of 0.5 ml, 100 mM Tris-HCI (pH 8.0), 10 mM MgCl2, 10 mM ATP, 5 mM sodium molybdate, and cell extract containing 0.5 to 1 mg of protein. Three protein concentrations were assayed for each cell extract. Addition of pyrophosphatase was not necessary because of the high content of the endogenous enzyme in cell extracts. Incubation was for 30 min at 37°C and was stopped by addition of 0.5 ml of 10% trichloroacetic acid. After centrifugation (5 min at 10,000 x g), the phosphate formed from ATP and present in 0.1 ml of the supernatant was measured. 3'-Phosphoadenosine 5'-phosphosulfate (PAPS) reductase was assayed as described by Thomas et al. (39) . Sulfate permease was assayed as described by Breton and SurdinKerjan (3). P-Galactosidase was assayed as described by Miller (30) . Protein concentrations were estimated by the method of Lowry et al. (25) .
Nucleotide sequence accession number. The nucleotide sequence of the MET4 gene shown in Fig. 2 (Fig. 1) . These results clearly show that the CBF1 protein is required for full induction of at least the MET25 and MET16 genes.
The MET4 gene is required for induction of the sulfate assimilation pathway. Investigations of different met mutations showed the predominant role of the MET4-encoded product in the sulfate assimilation pathway. As shown in Table 3 , a met4 mutant strain is devoid of all enzymatic functions necessary to assimilate sulfate. Genetic lesions inducing multiple losses of enzymatic activities from this pathway have already been reported (27) and recently analyzed (39) , but the met4 mutation is the only known mutation which results in the lack of all of these activities. Northern analysis of RNA extracted from a met4 mutant strain grown under derepressing conditions (0.05 mM L-methionine) reveals that these deficiencies are due to a lack of transcription of the corresponding genes (Fig. 1) . The MET4 gene thus encodes a trans-acting factor responsible for the transcriptional activation of inorganic sulfur metabolism. It must be noted that the MET4 protein appears to govern only the expression of genes belonging to the sulfate assimilation pathway, not those implicated in further metabolism of the sulfur amino acids. Indeed, whereas a met4 mutant fails to grow on all inorganic sulfur sources, this strain is able to grow on organic sulfur sources such as homocysteine, cysteine, methionine, and AdoMet. In addition, the fact that strains CC486-6B and CC489-7A (met4 saml::URA3 and met4 sam2::URA3, respectively) do not display an AdoMet requirement rules out the possibility that MET4 is required for proper expression of one of the AdoMet synthetase genes.
Cloning and sequencing of the MET4 gene. The MET4 gene was cloned by complementing the methionine requirement of strain CC471-1D. This strain was transformed with the pEMBLYe23-based library described in Materials and Methods. Among 10,000 Ura+ transformants tested, 2 strains able to grow in the absence of methionine were found. These clones harbored identical plasmids with a 8,200-bp insert (Fig. 2) . The MET4 gene maps on the left arm of the chromosome XIV, near the LEU4 and POLl (CDC17) genes (31) . These two genes have been cloned (6, 33) , and comparison of the restriction maps reveals that the left part of the pM4-1 insert overlaps by about 3.5 kbp plasmid pTSC2, which bears the LEU4 gene (6) , while the right part of pM4-4 overlaps by about 3.2 kbp the POLl-bearing plasmid (33) . Moreover, Chang et al. (7) showed that replacement of a genomic region containing the LEU4 gene and the equivalent of the right part of plasmid pM4-1 (up to the EcoRI site) by the HIS3 gene led to a methionine auxotrophic strain. This mutation was shown to be allelic to the previously reported met4 mutations. All of these results demonstrate that the cloned DNA carried by plasmid pM4-1 is MET4. The organization of the MET4 locus is depicted in Fig. 2 .
The 2,500-bp XbaI-XbaI fragment of plasmid pM4-4 was sequenced as described in Materials and Methods. In addition, the EcoRI-SphI fragment of plasmid pM4-1 was sequenced to verify the region overlapping the LEU4 gene. (Fig. 3) .
The predicted MET4 protein bears a leucine zipper preceded by an unusual basic domain. The predicted MET4 polypeptide is composed of 666 amino acids with a calculated molecular mass of 73,400 Da. This protein is substantially hydrophilic, with equal amounts of positively (14%) and negatively (14%) charged amino acids. Asparagine and serine residues predominate (13% of each) and lie mostly in the NH2 part of the polypeptide. Such a bias in the amino acid composition was also observed in other yeast transcriptional activators such as PHO2 (35) and GCR1 (19) . In addition, the MET4 protein is free of cysteine residues; it was pointed out in a previous report (39) that a low content of cysteine residues (<0.3 cysteine per 100 amino acids) is a general feature shared by proteins implicated in sulfur amino acid metabolism in S. cerevisiae as well as in E. coli. As shown in Fig. 4 , the predicted MET4 protein bears at its carboxy terminus a repeat of five leucine residues spaced every seven amino acids. Furthermore, this leucine repeat is immediately preceded by a basic region. A similar molecular organization was found in some regulatory proteins from higher eucaryotes as well as from fungi by Landshulz et al. (24) , who proposed that such proteins (called bZIP, for basic region-leucine zipper) interact with DNA through this bipar- tite motif. Physical and genetic experiments confirm that the leucine zipper allows the formation of stable dimer while the basic region is responsible for specific DNA binding (32, 38) . The algorithm of Garnier et al. (14) predicts that the region of the MET4 protein (from residues 591 to 647) containing both the basic motif and the leucine repeat could fold into an ct-helix secondary structure. In particular, this region is free of helix-destabilizing residues (proline and glycine). A comparison of the leucine zipper motif of MET4 with other known leucine zipper motifs, using the alignment proposed by Vinson et al. (43) , is illustrated in Fig. 4 . It is interesting to note that the highest homology is found between the MET4-encoded product and the transcription factor CYS3 from Neurospora crassa, which encodes a positive-acting regulatory protein of the sulfur metabolism in N. crassa (13) . However, the similarity between the two proteins is restricted to the regions surrounding the leucine zipper motif (Fig. 4) (Fig. 5) . The finding that pLexM4-1 alone complements the methionine auxotrophy of a met4-disrupted strain confirms this result. However, weak (about threefold) stimulation of homocysteine synthase is measured in strains transformed with pLexM4-3 that express a hybrid bearing the basic domain but not the leucine zipper of MET4. In addition, induction of MET25 is decreased by the presence of lexA operators in cells, reflecting a trapping effect of the hybrid proteins by these DNA sequences. Unlike the LexA-MET4 fusion proteins, the LexA-CBF1 fusion protein cannot stimulate the GALI-lacZ gene containing upstream lexA operators although the fusion protein expressed by plasmid pLexCBF1 is functional, as demonstrated by the methionine prototrophy of a cbfl-disrupted strain transformed by this plasmid (Fig. 5) . These results strongly suggest that the DNA-binding protein CBF1 lacks activating functions.
AdoMet-dependent activation of a MET25-CYCI-lacZ gene fusion. Construction of deleted alleles of the 5' upstream region of the MET25 gene has led to the identification of the cis-acting sequences required for transcriptional activation (40) . These sequences have been localized around nucleotide -300, a region that contains two copies of the CDEI element. To determine whether sequences of the -300 region can activate the transcription of a heterologous gene, we inserted oligonucleotides corresponding to these se- CAG CAA CAG -1002 
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FIG. 5.
Activation by the LexA-MET4 and LexA-CBF1 fusion proteins in a met4-disrupted strain. The strain used is CD106 (met4::TRPI). Transformants were grown in synthetic medium containing 0.05 mM L-methionine (derepressing condition) but lacking histidine and uracil to maintain selection for the multicopy plasmids. The target plasmids are pLRA1l (lacking the lexA operator [44] ) and pSH18-34 (16a), which contains six overlapping lexA operators inserted in the XhoI site of pLR1A1. Homocysteine synthase is expressed from the wild-type chromosomal MET25 gene. Values are averages of assays of three transformants. One unit of activity is equal to and -264 to -256). P-Galactosidase activities were measured in cell extracts from strains W303-1A (wild type), CD106 (met4::TRPl), and R31-3B (cbfl::TRPI) grown under derepressing (0.05 mM L-methionine) and repressing (1.0 mM L-methionine) conditions. All activities are means of three experiments performed with independent transformants. One unit of P-galactosidase activity is equal to 1 nmol of substrate transformed per min and per mg of protein.
when tested in a met4 or cbfl null mutant under derepressing conditions. DISCUSSION Inactivation of the CBF1 gene results in methionine auxotrophic yeast strains. This report clearly shows that this nutritional requirement is caused by the inability of these strains to assimilate sulfate. Northern blot experiments reveal that this defect is accounted for by an impairment in the transcriptional induction of certain of the genes governing the sulfate assimilation pathway. This result confirms our previous analysis that demonstrated the predominant role of the CDEI element in transcriptional activation of the MET25 gene (40) . However, despite the fact that CDEI elements are found in the 5' upstream regions of all met genes, their full induction does not necessarily require the integrity of the CBF1 protein. Indeed, inactivation of the cbfl gene lowers the transcription of MET16 to a nearly undetectable level, while it decreases that of MET25 only about threefold and does not affect that of MET3. Although not noted by Mellor et al. (29) , a similar decrease of MET25 transcription in a cbfl null mutant is also revealed by their Northern experiments ( Fig. 2A, lanes 9 and 12, in reference 29) . In addition to the lack of PAPS reductase activity, the methionine auxotrophy of a cbfl null mutant also results from its incapacity to concentrate sulfate from the medium.
In contrast to the situation encountered in a cbfl null mutation background, in a met4 background, all of the enzymatic activities required for the reductive assimilation of sulfate are lowered to nearly undetectable levels. Northern blot experiments show that the MET4 product is required in trans for the proper induction of transcription of the corresponding genes. Indeed, neither MET16 nor MET25 transcripts were found in the RNA extracted from a met4 strain grown under derepressing conditions. In addition, the role of MET4 appears to be limited to this pathway, since a met4 mutant grows on all organic sulfur sources. The MET4 gene was cloned, and its sequence reveals that it encodes a protein related to the bZIP proteins. However, the leucine zipper present at the C terminus of MET4 is preceded by a basic domain that does not resemble those of the bZIP activators previously described. Indeed, the basic domain of MET4 is immediately adjacent to the leucine zipper and not divided into two clusters.
Evidence 12, 1992 -=OO that an 18-bp segment of the MET25 promoter is capable of functioning as an upstream activation element. Furthermore, this element is capable of conferring regulation in response to the increase in intracellular AdoMet concentration. This 18-bp element contains a CDEI element and its preceding 9 bp in the MET25 promoter. This 9-bp sequence (5'-TGG CAAATG-3') is repeated twice in the MET25 5' upstream region. It must be noted that a deletion of the region containing one repeat but not the CDEI element was previously shown to result in twofold decrease in the MET25 transcription level (Fig. 2, deletion E, in reference 40) . Moreover, the functioning of this 18-bp element depends on MET4, since the MET25-CYCI-lacZ gene fusion is not expressed in a met4-disrupted strain. This finding strongly suggests that MET4 recognizes, directly or indirectly, a motif contained within the sequence 5'-TGGCAAATG-3'. However, analysis of the 5' upstream region of the MET genes, the expression of which depends on MET4, has not allowed us to define a discernible consensus sequence. This lack of consensus perhaps reflects the fact that genes that require CBF1 may not bind the MET4 protein as well as do those that do not require CBF1.
The transcriptional activation of inorganic sulfur metabolism thus appears to require at least two trans-acting proteins, MET4 and CBF1. What might be the functional role of the CBF1 protein? The inability of the LexA-CBF1 fusion protein to stimulate the transcription through a lexA operator as well as the inability of CDEI to function alone as a upstream activation element strongly suggest that CBF1 does not operate by interacting with the components of the transcription apparatus. It was reported that a micrococcal nuclease-sensitive chromatin structure is lost on the MET25 promoter in the absence of CBF1 (28) . Here we show that the integrity of CBF1 is required for proper transcriptional activation of the MET16 and MET25 genes. Furthermore, induction of the MET25-CYCl-lacZ gene fusions also depends on CBF1. All of these results support the hypothesis that the binding of CBF1 to its cognate sequence CDEI contributes to the increased ability of MET4 to function as a transcriptional activator. CBF1 thus appears to be related to the family of yeast multifunctional DNA-binding proteins comprising GRF1 (RAP1), GRF2, and ABF1 (8, 12) . A striking feature shared by these yeast DNA-binding proteins is the widespread occurrence of their binding sites in the yeast genome. These binding sites are furthermore found associated with both promoter elements and structures specialized in DNA transactions, such as centromeres, telomeres, and replication origins. Results of micrococcal nuclease experiments suggest that the function of these proteins is to increase the accessibility of other DNA-binding factors to their respective binding sites, perhaps by the exclusion of nearby nucleosome binding (23) . Such a mechanism probably depends on the structural features of each promoter region. For example, the presence of poly(A) or poly(T) tracts was shown to prevent nucleosome formation in vitro (23) . Such structural differences could explain why inactivation of the CBFJ gene does not affect in the same manner the recognition by MET4 of each promoter region of the genes governing inorganic sulfur metabolism. In this regard, it must be noted that a long poly(AT)19 tract is positioned near the TATA box of the MET3 gene, the transcription of which depends on the integrity of MET4 but not on that of CBF1. A different conclusion about CBF1 function was drawn by Mellor et al. (29) , who reported that a mutant form of CBF1, unable to bind in vitro to the MET25 promoter, is still capable of maintaining methionine prototrophy. Therefore, they conclude that the CBF1 protein is able to function as a non-CDEI DNA-bound form in sulfur metabolism. However, this result could also reflect the sensitivity limits of the in vitro DNA-binding experiments compared with the situation existing in vivo.
Enzymatic analysis of a cbfl null mutant also revealed that this strain is defective in sulfate permeation. The loss of sulfate permease activity is a property shared by a number of S. cerevisiae mutants affected in the sulfate assimilation pathway. In particular, disruption of the chromosomal gene MET16 (encoding PAPS reductase) results in a strain devoid of both PAPS reductase and sulfate permease activities. This phenotype is reversed by the presence of a MET16 plasmid gene (41a) . Such a concomitant loss of activities is also observed in E. coli but arises from a different mechanism. Indeed, E. coli cells constructed to lack both thioredoxin and glutaredoxin (essential cofactors of PAPS reductase) are not viable unless they also acquire an additional mutation in cysA, the structural gene for sulfate permease (34) . These reversible (S. cerevisiae) or irreversible (E. coli) inactivations of sulfate permease are hypothesized to allow the survival of cells by protecting against the toxicity of inorganic phosphosulfur compounds (especially against that of PAPS). Although we cannot rule out the possibility that inactivation of CBFI abolishes transcription of the sulfate permease gene, the defect in sulfate permeation exhibited by a cbfl-disrupted strain may rather be caused by such a protective inhibition of the sulfate permease made necessary by the improper induction of the MET16 gene.
